ABSTRACT. Objectives. After resection of hypothalamic/pituitary tumors, children are at risk for development of hormonal deficiencies, obesity, and hypersomnolence. However, the prevalence and pathophysiology of these complications are unclear. The purpose of this study was to assess the prevalence and severity of hypersomnolence in children after resection of pituitary tumors and to study the potential factors that contribute to this sleepiness if present. We further hypothesized that decrements in orexin levels may contribute to the sleepiness.
I
ntracranial space-occupying lesions such as craniopharyngiomas, germ cell tumors, and arachnoid cysts can expand into the hypothalamus, pituitary gland, third ventricle, and additional brain structures. The clinical outcome after surgical removal of the mass varies and has included neurologic and visual field abnormalities, 1,2 endocrinologic disorders, [3] [4] [5] weight gain and obesity, 6, 7 and excessive daytime somnolence. 1, 8, 9 The endocrine management of these patients after surgery usually consists of replacement therapy of thyroid hormone, cortisol, and growth hormone as needed. Treatment for obesity is more complex and includes dietary restrictions, encouragement of physical activity, and occasional weight reduction surgery. However, the prevalence and pathophysiology of daytime hypersomnolence in these patients has not been frequently studied and is poorly understood.
Daytime somnolence could be the result of various hormonal deficits, such as found in hypothyroidism and hypoadrenalism. 10 In contrast, the relationship between growth hormone or prolactin deficiency and excessive daytime sleepiness is not as clear. 11 Nevertheless, replacement therapy of cortisol and/or thyroxine deficiencies should reverse all of the clinical manifestations, including sleepiness, unless additional causes for sleepiness, such as sleep apnea, are present. [12] [13] [14] [15] Thus, well-treated patients would not be expected to display sleepiness, and if they do, other causes should be sought.
Obesity has been implicated in daytime somnolence, either secondary to obstructive sleep apnea (OSA) 14 -19 or directly, possibly via a metabolic and/or circadian abnormalities. 20 When OSA exists, therapy with continuous positive airway pressure (CPAP) is effective and usually results in a substantial improvement of daytime vigilance. [21] [22] [23] Therefore, a patient who has OSA and is regularly treated with CPAP at an optimal pressure is not expected to be severely sleepy, although some residual sleepiness may remain. 21 Some recently published reports have suggested a potential association between narcolepsy and hypothalamic-pituitary dysfunction. 8,24 -26 Hypocretin (orexin) is a peptide neurotransmitter produced by group of neurons located in the posterior and lateral hypothalamus that have projections to the neocortex, limbic system, and brainstem. Recently, reduced orexin levels have been found in the cerebrospinal fluid (CSF) of narcoleptic patients, 26 -29 and a hypersomnolent girl with decreased CSF hypocretin levels was described after removal of a hypothalamic tumor. 30 These findings suggest the possibility that surgical removal of hypothalamic tumor can result in defective production of orexin and consequently induce daytime somnolence. We therefore hypothesized that after resection of hypothalamic/pituitary tumors, children will display daytime somnolence, which may result from decreased orexin levels. The purpose of our study was to assess the frequency and severity of hypersomnolence in children after surgical removal of pituitary/hypothalamic space-occupying lesions and to examine potential factors that contribute to such excessive somnolence.
METHODS

Subjects
All charts of children who underwent surgical resection of craniopharyngiomas, germ cell tumors, or arachnoid cysts during 1992 to 2000 at Rambam Medical Center were reviewed. Six such patients were identified, and 5 agreed to participate. Two children were prepubertal (ages 11 and 12, both Tanner stage 1), and the remaining 3 were 15 (Tanner stage 3), 17.5 (Tanner stage 4), and 19 (Tanner stage 5) years of age. Five age-matched healthy control subjects were recruited via family and friends of the university personnel. The study was approved by the hospital's committee for human subject studies, and parental informed consent and child assent, in the presence of a parent, were obtained.
All participants completed a sleep questionnaire that included questions regarding their appetite and symptoms related to narcolepsy, and the Epworth Sleepiness Scale (ESS) questionnaire, which we have adapted for children (the item "falling asleep while driving a car" was changed to "falling asleep at school"). In this questionnaire, the chances of falling asleep in 8 different conditions has to be estimated at a scale of 0 to 3 in each condition, and the total score is the summation of the scores for the 8 items. An ESS score Ͼ12 was considered pathologic sleepiness.
All patients underwent a thorough endocrinologic evaluation, including clinical evaluation and blood samples for thyroid hormone (free thyroxine [FT4]) and prolactin levels. FT4 blood levels of 0.8 to 2.3 ng/dL and prolactin blood levels of 3 to 8 ng/mL for boys and 3 to 24 ng/mL for girls were considered normal. All children received adequate replacement treatment with cortisol, Eltroxin, and antidiuretic hormone.
Protocol
All participants underwent a structured clinical interview and physical examination and underwent overnight polysomnography in the sleep laboratory, followed by a multiple sleep latency test (MSLT) . Children who were found to have OSA (n ϭ 2) underwent an additional night to titrate optimal CPAP pressure, were then given CPAP for regular home usage, and were restudied 3 months later. In these 2 patients, only the results of the polysomnography and MSLT while receiving CPAP were considered for this study.
Polysomnography
Children were studied for at least 8 hours in a quiet, darkened room with an ambient temperature of 24°C and in the company of 1 of their parents. No medications were used to induce sleep. The following parameters were measured: chest and abdominal wall movement using piezoelectric electrodes, heart rate by electrocardiogram, and air flow monitored with a thermistor. Arterial oxygen saturation was assessed by pulse oximetry, with simultaneous recording of the pulse wave form. The bilateral electro-oculogram, 2 channels of electroencephalogram, (C3-A2 and O2-A1), chin and anterior tibial electromyograms, and analog output from a body position sensor were also monitored. All measures were digitized using a commercially available polysomnography system (EEG 4214; Nihon Kohden, Kogyo Co, Tokyo, Japan). Tracheal sound was monitored with a microphone sensor, and video recording was performed.
Sleep was staged according to standard criteria. 31, 32 The time in bed (TIB) was defined as the time between lights off and lights on. Sleep latency (SL) was defined as the time from lights off to the first 3 minutes of stage 1 sleep, and sleep period time was defined as the time from falling asleep to lights on in the morning. Sleep efficiency was calculated as the percentage of total minutes of actual sleep out of TIB. Arousals were scored as any electroencephalogram shift for Ͼ3 seconds in non-rapid eye movement (REM) stages and during REM sleep as 3 seconds of electroencephalogram shifts accompanied by either increases in electromyograph or body movement. The "arousal index" was calculated as the number of arousals divided by the number of hours of sleep. Respiratory events were scored according to the common practice for measurement in children. 32, 33 The respiratory disturbance index was calculated as the number of apneas plus hypopneas divided by the number of hours of sleep.
MSLT
Objective sleepiness was assessed by the MSLT, which we have modified for children. All participants underwent an MSLT during the day after the whole-night sleep study, during which subjects were given 5 opportunities to fall asleep every 2 hours (0800, 1000, 1200, 1400, and 1600 hours). Because children are generally "more alert" compared with adults, the traditional 20-minute nap opportunities were extended to 30 minutes to avoid a ceiling effect and reduce the likelihood of missing any differences between the groups. 34 For every nap, subjects were requested to lie in bed in a dark, quiet, and comfortable room with no external stimulation. The parents were allowed to stay in the room. SL for each trial was measured from the time of lights out to the first period of sleep. If subjects did not fall asleep after 30 minutes, then the nap was terminated and SL for that nap was assigned a value of 30 minutes. If subjects fell asleep during the nap, then they were allowed 15 minutes to examine whether REM sleep occurred, at which point 1 minute of REM was permitted or the test was terminated. Scoring was in 30-second epochs. Daytime sleepiness (MSLT) was determined from the average of the 5 sleep latencies. Additional variables included the number of naps in which the subject fell asleep and the number of REM sleep occurrences.
Orexin Levels
Orexin levels were determined in a blinded manner in plasma and CSF of 4 patients and 3 control subjects. Blood (7 mL) was drawn into a tube that contained ethylenediaminetetraacetic acid and aprotinin (0.8 TIU/mL blood) and centrifuged for 15 minutes at 16 000 g at 4°C for plasma collection. CSF (5 mL) was transferred to tubes that contained aprotinin (0.8 TIU/mL CSF). Samples were frozen at Ϫ20°C until assayed by radioimmunoassay (RIA) based on the competition of 125 I-Orexin with the orexin peptide in the samples (RIA; Phoenix Pharmaceutical, Mountain View, CA). Samples were acidified with an equal volume of 1% trifluoroacetic acid, centrifuged, and applied to a C-18 SEP-column (Phoenix Pharmaceutical). Columns were washed twice with 1% trifluoroacetic acid, and peptide was eluted with 3 mL of 60% acetonitrile in 1% trifluoroacetic acid. Samples were dried, frozen at Ϫ20°C, and lyophilized overnight. Lyophilized samples were resuspended in 250 L of RIA buffer, and 100 L/sample was assayed in duplicates. 125 I-Orexin was reconstituted, adjusted to a concentration of 10 000 cpm/100 L, added to the samples and standards, and incubated for 16 hours at 4°C. Goat anti-rabbit immunoglobulin G and normal rabbit serum were added, and samples were incubated at room temperature for 90 minutes. Tubes were centrifuged at 1700 g for 20 minutes, and pellets were counted using a ␥-counter (Packard, Meriden, CT). Total counts (only 125 I-Orexin), nonspecific binding ( 125 I-Orexin with RIA buffer), and total binding ( 125 I-Orexin with RIA buffer, and primary antibody) were determined, and sample concentrations were determined from the "best fit" curve of B/B 0 versus the log of standard concentrations (0 -128 pg/mL) and adjusted for the initial dilution factor (2.5).
Statistical Analysis
Variables of patients and control subjects were compared using unpaired 2-tailed Student t tests. Because 2 of the patients were significantly overweight compared with all other participants, they were excluded for an additional set of comparisons between the patients (nonoverweight) and control subjects. In addition, correlation analysis was performed to assess the relationships between body mass index (BMI), age, thyroid levels, and daytime sleepiness (MSLT score). P Ͻ .05 was considered statistically significant. Table 1 ), and this was primarily attributable to 2 morbidly obese patients. These 2 patients received a diagnosis of OSA and underwent a subsequent sleep study 3 months after initiation of CPAP therapy. Although treatment with CPAP resulted in complete resolution of their sleep-disordered breathing, no changes in daytime somnolence occurred.
RESULTS
Of the
Patients reported on the average 13.6 Ϯ 1.1 hours of sleep per day, with "good night's sleep" yet daytime sleepiness and frequent naps. None reported narcoleptic symptoms (sleep paralysis, hypnagogic hallucinations, or cataplexy), and 2 of them reported increased appetite after the surgery.
Subjective sleepiness was assessed by the modified ESS (Table 2) . Significantly greater subjective sleepiness was present in patients compared with control subjects (15.2 Ϯ 2.8 vs 5.0 Ϯ 2.0; P Ͻ .001). These differences were prominent both during situations such as sitting quietly after lunch and during a car ride and during classes in school.
Polysomographic results of the nocturnal sleep study are presented in Table 3 . TIB was significantly longer in the patient group than in the control group, with similar sleep efficiencies. Total sleep time (TST) tended to be longer in patients (P ϭ .07), and they also had significantly longer sleep in stages 3 and 4 (approximately 2.5 hours vs 1.5 hours; P Ͻ .05; Table  3 ). The arousal index was similar in the 2 groups (16.8 Ϯ 6.4 in the control group vs 13.0 Ϯ 5.3 arousals per hour of sleep in the patient group; not significant).
Mean MSLT in the patient group was 10.3 Ϯ 5.3 minutes and 26.2 Ϯ 1.1 minutes in the control group (P Ͻ .005). The differences were significant in all but the first nap (Fig 1) . Patients had sleep epochs in 4.4 Ϯ 0.6 of the naps, whereas the control subjects fell asleep in only 1.6 Ϯ 0.6 of the naps (P Ͻ .005). REM sleep occurred in 1.0 Ϯ 1.7 of the naps in the patients compared with 0.4 Ϯ 0.5 of the naps among the control subjects (not significant). There was no significant correlation between MSLT and BMI or age (R ϭ Ϫ0.21 and R ϭ Ϫ0.34, respectively; not significant). Even when the 2 morbidly obese patients were excluded, leading to normalization of BMI, patients were significantly sleepier during the day (MSLT: 11.3 Ϯ 5.6 vs 26.2 Ϯ 1.1 minute; P Ͻ .001). As a group, significant correlations between subjective sleepiness as assessed by the ESS and MSLT were noted (R ϭ Ϫ0.77; P Ͻ .01; Fig 2) . Within each group, however, the results of the MSLT and ESS did not correlate.
Four patients and 3 control subjects underwent CSF and blood measurement for orexin levels (Table  4 ). There were no significant differences between the 2 groups for either CSF or serum orexin levels. In addition, there were no correlations between the severities of daytime sleepiness and blood or CSF orexin levels (R ϭ Ϫ0.52 and R ϭ 0.36, respectively; not significant). Two of the patients complained of low back pain that lasted up to 1 month after the lumbar puncture.
DISCUSSION
In this study, we report that after surgical removal of a space-occupying lesion in the hypothalamic/ pituitary region, children will commonly develop moderate to severe objective daytime sleepiness. However, the daytime sleepiness cannot be explained by sleep fragmentation or any other sleep disorders and is not accounted for by the presence of hormonal deficiencies or by decreased orexin levels.
One of the goals of our study was to assess the prevalence of sleepiness in children after hypothalamic/pituitary tumor removal. Because these tumors are relatively uncommon, we were able to identify only 6 candidates. Unfortunately, 1 of the patients refused to participate in the complete study. However, on the basis of her interview and ESS score (12), we can surmise that she was likely to have excessive daytime sleepiness. The remaining 5 patients all were hypersomnolent, both subjectively and objectively. Thus, daytime somnolence is extremely frequent in patients after this type of surgical intervention (100% in this study). In a retrospective clinical study, Duff et al 1 reported that 35 (29%) of 121 patients complained of lethargy, but in those who had poor outcome, 63% had a complaint of lethargy. On the basis of their criteria to assess outcome (ie, poor school achievements, disabilities, requirements for hormonal treatment, inability to find meaningful employment in the adult age), all of our participants had a poor outcome. Indeed, 1 patient died several months after the study, the 2 young adults are unemployed, and the 2 prepubertal children have poor school performance. In addition, all patients are on hormone replacement therapy. Thus, the extremely high frequency of daytime somnolence may account for these adverse outcomes in our cohort. However, that the number of participants in this study is small limits the ability to assess the true prevalence of sleepiness among individuals who undergo hypothalamic/pituitary surgery.
In this study, we used the ESS and MSLT to assess sleepiness. Patients' average ESS score was markedly higher than in control subjects, higher than that found in normal volunteers as reported in the literature (ESS score Ͻ8), and compatible with those of sleepy populations. 23, [35] [36] [37] Although the ESS has not been validated in children, we believe that the significant differences between patients and control subjects indicate true subjective sleepiness. Before we discuss the MSLT findings, we must address a methodologic issue. Although the MSLT is currently considered the gold standard, it is infrequently used in children and will conventionally allow for a 20-minute nap opportunity. 38 However, preadolescent children are likely not to fall asleep within this time period, and therefore a 30-minute nap opportunity has been suggested. 34, 39, 40 Because our patients' ages were heterogeneously distributed, we selected the 30-minute trials for all participants, thereby reducing the likelihood of missing a true difference between the index and control groups. In healthy prepubertal children, the average SL in the MSLT was reported at 23.7 minutes, 34 23 .5 minutes, 40 and 26.4 minutes, 39 and our control prepubertal subjects were no exception. Thus, the average SL of 5 and 16 minutes for the 2 prepubertal patients is clearly representative of 
Fig 1.
Average MSLT sleep latencies in 5 patients and matched control subjects. In all except the first nap (0800), patients had significantly shorter sleep latencies than control subjects (P Ͻ .05).
Fig 2.
Correlation between ESS score (subjective sleepiness) and average SL on MSLT (objective sleepiness). E, patients; F, controls.
moderate to severe sleepiness in these children. Similarly, the 3 young adult patients had a mean SL of 9.9 minutes, compared with 25.5 minutes in the young adult control subjects, confirming their excessive sleepiness. Furthermore, there was a significant correlation between the subjective and objective sleepiness for the whole cohort (Fig 2) , confirming some previous reports 35, 36 but not others. 41 We should emphasize that the subjective and objective daytime somnolence of our patients was present despite similar nocturnal sleep (sleep architecture, sleep efficiency, and arousals from sleep) to that of control subjects and despite documented optimal treatment with thyroid and adrenal hormonal supplementation, suggesting that other mechanisms may underlie their excessive sleepiness. We hypothesized that orexin deficiency, a wakepromoting neuropeptide, secondary to hypothalamic damage could mediate the excessive sleepiness of our patients. Indeed, narcolepsy has been associated with hypothalamic lesions, 8, 25 and low orexin levels were recently reported in narcolepsy. 27, 28 In addition, decreased CSF orexin levels were found after removal of a hypothalamic tumor from a hypersomnolent girl, 30 and a young man developed narcolepsy and low CSF orexin levels after an extensive hypothalamic stroke. 26 Finally, the number of orexin-expressing neurons is markedly reduced in human narcolepsy, 42 and experimentally induced destruction of such neurons leads to a hypersomnolent state in rats. 43 Thus, on the basis of the aforementioned considerations, we anticipated that the excessive sleepiness in our patients after surgery in the hypothalamic region would be related to decreased orexin levels in their CSF. However, both serum and CSF orexin concentrations were similar in patients and control subjects. Furthermore, all individual orexin levels were within the same range, and none of the patients exhibited exceptionally low orexin levels in the CSF. This finding suggests that the posterolateral region of the hypothalamus was not functionally damaged. Also, none of our patients experienced cataplexy, which may be linked to low orexin levels more than sleepiness without cataplexy. Thus, it seems reasonable that the sleepiness of these patients is unlikely to be mediated by orexin deficiency. Nevertheless, caution should be taken in generalizing these findings because the sample size is relatively small. Several other potential mechanisms could also mediate excessive sleepiness in our patients. First, the radical neurosurgical procedure potentially could have damaged other wake-related regions such as the dorsal raphe, locus ceruleus, tuberomamillary nucleus, reticular formation, or basal forebrain. However, we are unable to assess this possibility objectively. Second, growth hormone (GH) deficiency may play a role in our patients' somnolence. Indeed, Astrom and Lindholm 44 have studied GH-deficient patients and found a greater need for extended TST compared with matched control subjects. Moreover, treatment with GH resulted in decreased TST and increased general "well-being." 45 In addition, Hayashi et al 46 reported that children with GH deficiency experience sleep disturbances and speculated that nonrefreshing sleep may impinge on a favorable outcome. However, it should be mentioned that several other studies have reported contradicting results. For example, Tormey and Darragh 47 reported increased slow wave sleep, which further increased with GH administration in a dwarf. In addition, sleep-promoting effects have been ascribed to GH rather than promoting arousal. 48 -50 Thus, the role of GH in the excessive sleepiness of our children remains unclear. Only 1 of our patients received GH therapy. This patient reported on improved alertness and general "well being" on treatment but remained sleepy based on MSLT. Finally, obesity can play a substantial role in the sleepiness of patients after hypothalamic surgery. After resection of craniopharyngiomas, children will lose their ability to downregulate appetite, demonstrate abnormal food-seeking behavior, and rapidly gain weight. 2, 3, 6, 7, 51, 52 This can result in daytime somnolence either directly 20 or secondary to OSA. 14, 15, 19 Our observation that in the 2 morbidly obese patients MSLT scores did not change significantly on documented optimal CPAP treatment suggests that their sleepiness was not caused by sleep-disordered breathing. Furthermore, the remaining 3 patients were average to mildly overweight, and sleepiness did not correlate with BMI, suggesting that obesity cannot solely explain their sleepiness. This is in agreement with other diseases of obesity such as the Prader-Willi syndrome, in which it has been shown that sleepiness remains primarily unaffected, even after weight reduction and improvement of sleepdisordered breathing. 53 However, because our control group consisted of primarily lean individuals, the differences in sleepiness may have been slightly enhanced. Thus, the lack of a control group consisting of obese individuals without brain surgery is a limitation of this study.
CONCLUSION
We demonstrate a high prevalence of daytime sleepiness in children after hypothalamic/pituitary resection of space-occupying lesions. This hypersomnolence does not seem to result from inappropriate cortisol or thyroxine hormonal balance and is not explained by disturbed nocturnal sleep, obesity, or low orexin levels in the serum or CSF. Future studies clearly are needed in these patients to elucidate potential mechanisms that mediate the regulation of sleep and wake in humans and their contribution to hypersomnolent states such as those induced by neurosurgical procedures.
